Little is known about the pathological mechanism or the anatomic and functional imaging features related to the clinical manifestations in patients with brain AVM. The purpose of this pilot study was to describe the pattern of whole-brain PCT abnormalities in brain AVMs and their potential to differentiate underlying pathomechanisms.
B
rain AVM is a disease characterized by a network of abnormal direct vascular channels between the arterial feeder and the draining vein without an intervening capillary network. Schematically, 2 broad morphologic categories of arteriovenous shunts can be recognized. The nidal type is composed of a network of dysplastic plexiform vessels between the arterial feeder and the draining vein, whereas the fistulous type results from a direct connection between the artery and the vein without an intervening network. A congenital defect or a dysfunction of the embryonic capillary maturation process is expressed as the vascular malformation. It is believed that the reaction of the vascular tree to the defect and the hemodynamic alterations influence the different clinical presentations and the natural history. 1 Hemorrhage is one of the most common and well-known clinical presentations of brain AVMs and reflects the acute disturbance in the equilibrium between the malformation and the host response and is most likely caused by the high-flow angiopathy. 1 Specific angioarchitectonics of the brain AVM such as intranidal aneurysms and deep venous drainage are related to hemorrhagic presentation. 2, 3 Recognition of these imaging features has significant implications in the treatment of AVMs because they provide a specific target of endovascular management. 4 On the other hand, brain AVMs may also present with symptoms such as seizures or neurologic deficits. However, little is known about the pathologic mechanisms or the anatomic and functional imaging features related to these clinical symptoms.
The purpose of this pilot study was to describe the patterns of whole-brain PCT abnormalities and differentiate the potential pathologic mechanisms of the clinical symptoms related to brain AVMs in a consecutive series of patients with these malformations.
Materials and Methods

Patients
From October 2008 to March 2010, 18 consecutive patients with brain AVMs confirmed with diagnostic angiography were prospectively recruited for the PCT study. Patients with any previous treatment of the
PCT Protocol
The details for CT data acquisition are described in greater detail elsewhere. 5 Briefly, the CT data were acquired as a part of the dynamic CTA/PCT combination protocol by using the Aquilion ONE multidetector row CT scanner (Toshiba Medical Systems, Tokyo, Japan) equipped with 320 ϫ 0.5 mm detector rows allowing coverage of a 16-cm volume during a single rotation. A test bolus scan was obtained for proper timing for maximum contrast enhancement of the internal carotid arteries before the volumetric CTA. This was followed by the dynamic acquisition sequence by using a gantry rotation speed of 1 rotation per second, a 512 ϫ 512 matrix, and a 0.25-mm reconstruction interval. After mask image acquisition (80 kV, 300 mAs), all consecutive CTA/PCT acquisitions (80 kV, 100 mAs) allowed visualization of the passage of contrast medium through the vascular bed, thereby enabling reconstruction of both perfusion and angiographic data from the same dataset without additional contrast administration. Fifty milliliters of contrast was injected at 6 ml/s followed by 20 ml of saline. The entire scan took approximately 60 seconds. CT dose index and dose-length product were 400 -450 mGy and 2230 -2450 cGy/cm, respectively. The Vitrea perfusion software (Vital Images, Minnetonka, Minnesota) was used for calculation of maps indicating the CBF, CBV, and MTT. The cerebral blood perfusion map was calculated with the so-called SVDϩ deconvolution algorithm, in which SVD is the singular value decomposition and the plus stands for "delay-insensitive." This means that delayed-flow collateral circulation can be measured and displayed as a delay map. 5 The arterial input function region of interest was selected at the normal contralateral M1 segment of the internal carotid artery. The venous output function was selected at the posterior portion of the superior sagittal sinus.
Image Analysis
The CBF, CBV, and MTT maps were qualitatively analyzed by 2 neuroradiologists in consensus. The nidus and extranidal parenchyma of the whole brain were evaluated for differentiation of abnormal increase or decrease of the functional parameters (CBF, CBV, and MTT). The contralateral normal hemisphere was compared with the ipsilateral hemisphere as a reference for describing increased/decreased perfusion parameters. In general, perfusion abnormalities extending at least the width of a lobule were considered significant. The location of the perfusion abnormality was designated as perinidal (ie, immediate circumferential vicinity of the nidus) or remote. Digital-subtraction angiograph images were analyzed for characterization of the angioarchitecture of the AVM. The images were assessed for volume of nidus, feeder, and venous drainage patterns. AVM volume was calculated on the assumption that the nidus was ellipsoid: 4/3 ϫ a / 2 ϫ b / 2 ϫ c / 2 (a, b, c are 3D diameters of the nidus). Nidal volume of Ͼ10 cm 3 was considered large. In addition, the arterial feeders were assessed for the presence of "sprouting" angiogenesis (defined as fine tortuous juxtanidal vessels with no early draining veins) and transdural and leptomeningeal recruitment (ie, nonsprouting angiogenesis) (defined as recruited collateral nidal feeders from adjacent pedicles of other arterial territories, "shift of the arterial watershed") on the arterial phase. The venous phase was assessed for the presence of a pseudophlebitic pattern (tortuous serpiginous engorged pial veins remote from the main draining veins) 6 and venous reflux.
Results
The characteristics of the patients are summarized in Table 1 .
The patients with brain AVMs consisted of 7 men and 11 women with a mean age of 41.9 years (range, 21-64 years).
The mean volume of the nidus was 10.9 cm 3 (range, 0.3-27.4 cm 3 ). The presenting symptoms were seizures (n ϭ 5), focal neurologic deficit (n ϭ 5), hemorrhage (n ϭ 4), chemosis (n ϭ 1), and none (n ϭ 3).
The nidus showed increased CBF and CBV with decreased MTT in all cases. Extranidal brain parenchymal areas of perfusion abnormalities were noted in 14 patients. All patients with large nidal volume (n ϭ 9) showed perfusion abnormalities, while 5 of 9 patients with small nidal volume (Ͻ10 cm 3 ) showed perfusion abnormalities. The extranidal perfusion abnormality consisted of 3 distinct patterns: extranidal areas of decreased CBF and CBV with decreased MTT (pattern 1), areas showing decrease in CBF and CBV with increased MTT (pattern 2), and areas with increased CBV and MTT (pattern 3). Two or more patterns were noted in a single patient in 3 instances (cases 4, 12, 17).
Pattern 1 was located in the perinidal area in 7 patients and in a perinidal and remote area in 1 patient. Seizure was the most common presenting symptom in the patients with this pattern (n ϭ 5, Fig 1) . Other symptoms included focal neurologic deficit (n ϭ 1), hemorrhage (n ϭ 1), and asymptomatic (n ϭ 1). Pattern 2 was located in the perinidal area in 3 patients and a remote area in 1 patient. Three of the 4 patients with this pattern presented with focal neurologic deficit. Pattern 3 was seen in 5 patients (Fig 2) . This pattern was only seen in patients with large nidal volume. One patient showed anterior bifrontal lobes of increased MTT compared with the posterior lobes (case 12). The presenting symptoms for these patients consisted of neurologic deficit (n ϭ 2), seizure (n ϭ 1), hemorrhage (n ϭ 1), and chemosis (n ϭ 1).
On the arterial phase of conventional angiography, sprouting angiogenesis (n ϭ 15) was the most common finding, followed by leptomeningeal (n ϭ 8) and transdural (n ϭ 2) recruitment. Two or more arterial signs were observed in patients with pattern 1 (50%, 4 of 8 patients), pattern 2 (50%, 2 of 4 patients), and pattern 3 (80%, 4 of 5 patients, Table 2 ). On the venous phase, venous reflux was noted in 8 patients and pseudophlebitic pattern was noted in 5 patients. Two or more positive venous signs on conventional angiography were seen in 80% (4 of 5 patients) with pattern 3 compared with 13% (1 of 8 patients) in pattern 1 and none in pattern 2.
Postembolization follow-up PCT was available in 2 patients who initially presented with seizures (cases 16 and 17). Improvement of the perfusion abnormalities was noted on postembolization PCT in the 2 patients. One patient who has had seizures for 10 years showed remarkable reduction in the frequency of seizures during the 17-month follow-up (case 16). The other patient has stayed seizure-free during the 3 months of clinical follow-up (case 17, Fig 3) .
Discussion
AVMs of the brain affect the intravascular pressure and may, thereby, influence the tissue perfusion in perinidal but also remote "normal" brain regions. 7 Our analysis of the wholebrain PCT maps in patients with brain AVMs revealed different distinct patterns of extranidal brain parenchymal perfusion abnormality. 
Arterial Steal
Decrease in CBF and CBV maps were the most common pattern of perfusion abnormality seen in 61.1% (11 of 18 patients). Such decrease of cerebral perfusion in the extranidal tissue of patients with brain AVMs has been referred to as "arterial steal."
7 "Arterial steal" is a pathologic process in which increased blood flow through a low resistance vascular bed diverts flow away from a region of the brain. 8 Distal cerebral intra-arterial pressure decreases more severely in patients with AVM compared with healthy subjects, thus exposing the areas of normal brain to relative hypotension and potential hypoxemia. 7, 9 Similar patterns of perfusion abnormality have been reported in patients with ischemic stroke. In these patients, the extent of decreased CBV is strongly correlated with the final infarct size, whereas areas with decreased CBF and increased MTT are more likely to overestimate the final extent of injury. 10 In our series, we were able to discriminate 2 different patterns of CBF and CBV decrease; MTT was decreased (pattern 1) in 1 group and increased (pattern 2) in the other group. We believe that the decrease in the MTT (pattern 1) in these patients reflects a sump effect from the vascular pedicle supplying the shunt and the adjacent normal brain tissue; thus, we hypothesize this pattern to be a functional type of steal (Fig 4) . On the other hand, areas of increased MTT with decreased CBF and CBV (pattern 2) may reflect the arterial steal due to indirect collateral connection or areas remote from the nidus where the blood flow is rerouted from the normal brain toward the AVM, resulting in delayed transit time; thus, we believe this to be an ischemic type of steal. Whether the decreased CBF and CBV in our patients with the differences in MTT reflect the viability of 
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the brain tissue or reflect purely hemodynamic alterations remains to be defined.
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In terms of the location of such steal phenomenon, Fiehler et al 12 were able to visually identify perinidal areas of perfusion impairment in 85% of their patients by using 3D time-resolved MR angiography. They attributed the perinidal perfusion impairment to the low perfusion pressure in small arteries and arterioles. Ten of our 11 patients with decreased CBF and CBV also showed perinidal distribution of their steal.
The clinical impact related to arterial steal remains a controversy. Arterial steal is commonly considered as the explanation for the focal neurologic deficits that occur in some patients with AVMs. Decreased perfusion in patients with AVMs may cause certain neurologic deficits, and studies have shown the reversibility of the symptoms and perfusion defects after treatment. 13, 14 Seizures have also been attributed to steal. 15 Hypoxemia-induced destruction of neurons transmitting or secreting ␥-aminobutyric acid may lead to intracortical hyperexcitability. 16 However, some authors have ascribed the steal phenomenon to neuronal loss in chronic hypoxemic areas. In a positron-emission tomography study, the perinidal tissue with low blood flow showed decreased glucose and oxygen metabolism, suggesting neuronal loss in chronically hypoperfused areas. 17 Dilated capillaries with gliotic changes have been identified in the immediate perinidal parenchyma; thus some of the symptoms attributed to the steal phenomenon may actually reflect symptoms related to the gliosis from chronic steal. 7, 11 In our series, both focal neurologic deficit and seizure were seen with arterial steal. Pattern 1 (functional steal) was more often associated with seizures (5 of 7 cases), and pattern 2 (ischemic steal) was more often associated with focal neurologic deficits (3 of 4 cases).
Venous Congestion
Another distinct pattern of perfusion abnormality was increased CBV and MTT (pattern 3, n ϭ 5). High-flow shunt in the brain (which may be associated with venous outflow restrictions) may overload the venous system and preclude normal venous drainage, causing venous congestion (Fig 2) . This causes increased blood volume and delayed transit time. 18 Venous congestive encephalopathy may cause reversible focal neurologic deficit or seizures. 18 The symptoms in our series included neurologic deficit, seizure, hemorrhage, and chemosis. Chemosis was the direct manifestation of congestive reflux of the shunted flow into the superior ophthalmic vein in 1 patient (case 10).
The venous congestion seen on PCT correlated with the conventional angiography features of congestion, such as venous reflux and pseudophlebitic pattern. Eighty percent of the cases with pattern 3 (4 of 5 cases) showed Ն2 angiographic features of venous congestion compared with 13% (1 of 8 cases) for pattern 1 and none in pattern 2. However, no definite catheter angiographic findings were able to discriminate between patterns 1 and 2. In some cases, Ͼ1 pathologic mechanism may be present in a single patient either in the same or different areas of the brain. In our series, 3 patients showed Ͼ1 pattern of PCT abnormality. Pattern 2 coexisted with pattern 1 in 1 patient. Pattern 3 coexisted with pattern 1 in 2 patients. The locations of the PCT abnormalities in a patient were different in our patients with multiple patterns; however, it is plausible that in some patients, different pathologic mechanisms affect the same area of the brain, which may confound and mask abnormal PCT findings.
Therapeutic Implications
Identification of the pathomechanism and scrutinizing of the imaging features that are directly related to the clinical presentation could allow targeted treatment and improved clinical outcome. 4, 19 For patients with hemorrhage, the primary target for embolization is the angioarchitectural weak point (eg, pseudoaneurysm). 4, 20 For patients with other clinical presentations, little is known about the imaging features responsible for the symptoms or the imaging criteria for evaluation of the treatment efficacy.
The degree of arterial hypotension is related to the magnitude of flow through the fistula, thus a direct fistulous connection may be more prone to steal than a nidus type of connection. 7 High-flow fistula with venous outflow obstruction may also cause venous congestion due to venous overload along with secondary changes such as pseudophlebitic pattern and venous reflux. These features may be localized to a specific compartment of the AVM, which may be geographically targeted. In our 2 cases with pre-and postembolization PCT studies (cases 16, 17) , targeted embolization of the high-flow fistulous connections resulted in the improvement of clinical symptoms and PCT abnormalities. This implies the role of PCT not only as a tool for verifying the pathologic mechanism of the AVM but also as a potential tool for assessment of the posttreatment efficacy. Nevertheless, in some cases, the accompanying pathologic changes (eg, perinidal gliosis) or a secondary cerebral focus may be the culprit of the symptoms, and in these cases, targeted embolization may not result in clinical improvement. 21 A larger scale study is necessary for further validation of these results.
Conclusions
Whole-brain PCT shows different distinct patterns of perfusion abnormalities in patients with brain AVMs. These perfusion patterns may help to discriminate the different pathologic mechanisms involved in the disease with potential therapeutic implications.
